Mutations in human PRPF31 gene have been identified in patients with autosomal dominant retinitis pigmentosa (adRP). To begin to understand mechanisms by which defects in this general splicing factor cause retinal degeneration, we examined the relationship between PRPF31 and pre-mRNA splicing of photoreceptor-specific genes. We used a specific anti-PRPF31 antibody to immunoprecipitate splicing complexes from retinal cells and identified the transcript of rhodopsin gene (RHO) among RNA species associated with PRPF31-containing complexes. Mutant PRPF31 proteins significantly inhibited pre-mRNA splicing of intron 3 in RHO gene. In primary retinal cell cultures, expression of the mutant PRPF31 proteins reduced rhodopsin expression and caused apoptosis of rhodopsinpositive retinal cells. This primary retinal culture assay provides an in vitro model to study photoreceptor cell death caused by PRPF31 mutations. Our results demonstrate that mutations in PRPF31 gene affect RHO pre-mRNA splicing and reveal a link between PRPF31 and RHO, two major adRP genes.
Introduction
Retinitis pigmentosa (RP) is a common form of retinal degeneration. RP is characterized by progressive degeneration of the peripheral retina, leading to night blindness, loss of the peripheral visual field and an abnormal electroretinogram. The most prominent pathological feature of RP is the loss of photoreceptor, often followed by alterations in the retinal pigment epithelium and retinal glia with the appearance of bone spicule-like pigment deposits. RP is clinically and genetically heterogeneous, displaying all three modes of Mendelian inheritance: autosomal dominant RP (adRP), autosomal recessive RP (arRP), and X-linked RP (xlRP) (Inglehearn, 1998; Phelan and Bok, 2000; Dejneka and Bennett, 2001; Farrar et al., 2002; Rivolta et al., 2002; Hims et al., 2003; Pacione et al., 2003) (www.sph.uth.tmc.edu/RetNet).
Among ϳ130 genetic loci associated with retinal degeneration, Ͼ50% have been cloned (Baehr and Chen, 2001; Dejneka and Bennett, 2001; Swaroop and Zack, 2002; Pacione et al., 2003) . Although most adRP genes are expressed predominantly in the retina, three genes have been identified that are ubiquitously expressed in different tissues. These non-retina-specific adRP genes encode proteins essential for pre-mRNA splicing, including HPRP3 [for RP18 (Anthony et al., 1997; Chakarova et al., 2002) ], PRPC8 [for RP13 (McKie et al., 2001; van Lith-Verhoeven et al., 2002) ], and PRPF31 [for RP11 (Moore et al., 1993; Evans et al., 1995; Al-Maghtheh et al., 1996; Vithana et al., 2001) ]. In fact, RP11 has been reported as the second most common locus for adRP (Vithana et al., 1998) . However, mechanisms underlying the pathogenesis of RP caused by mutations in these ubiquitously expressed splicing factors are not understood.
Pre-mRNA splicing is a critical step in eukaryotic gene expression. The vast majority of mammalian transcription units contain introns that must be accurately excised to form functional mRNA. Pre-mRNA splicing reaction occurs in spliceosomes, the large RNA-protein complexes containing pre-mRNA, five small nuclear ribonucleoprotein (snRNP) particles, U1, U2, U4/U6, and U5, as well as a large number of accessory protein factors (Burge et al., 1999; Hastings and Krainer 2001; Zhou et al., 2002; Wu et al., 2004) . Proteins required for the formation of stable U4/U6 snRNPs and for assembly of the U4/U6.U5 tri-snRNP have been identified, including HPRP3, PRPC8, and PRPF31. Yeast prp31 gene was identified in a screen of for splicing defects after a shift to nonpermissive temperatures. It encodes a 60 kDa protein, PRP31 also named as PRPF31, essential for yeast cell viability and critical for pre-mRNA splicing. PRPF31 is important for recruiting the U4/U6-U5 tri-snRNP to prespliceosome complexes or stabilizing these interactions (Maddock et al., 1996; Weidenhammer et al., 1996 Weidenhammer et al., , 1997 . It is not known how its mutations lead to retinal degeneration.
In this study, we examined the role of PRPF31 in the premRNA splicing of photoreceptor-specific genes. We began by searching for potential splicing substrate genes for PRPF31 using an immunoprecipitation-coupled microarray assay. This experiment suggests that rhodopsin (RHO) is among the target splicing substrate genes for PRPF31. Cotransfection of adRP mutants of PRPF31 with a rhodopsin minigene inhibited rhodopsin premRNA splicing. Expression of these mutant PRPF31 proteins significantly reduced rhodopsin expression in cultured retinal cells and induced apoptosis of retinal cells. These experiments establish a link between the general splicing factor PRPF31 and the expression of a critical retina-specific gene, rhodopsin.
Materials and Methods
Plasmid, oligonucleotides, and antibodies. The mammalian expression plasmids carrying either wild-type or mutant PRPF31 were constructed by inserting the corresponding cDNA fragments into pCS2 vector . PCR-amplified full-length PRPF31 open reading frame or fragments containing N-terminal 371 or 256 aa residues (N371 and N256 mutants, respectively) were inserted at the BamHI site downstream of the cytomegalovirus (CMV) promoter in the pCS2 vector. The expression of wild-type or mutant PRPF31 proteins was under the control of CMV promoter . The corresponding cDNA inserts as well as junction sequences were confirmed by using PRISM Ready reaction DyeDeoxy Terminator cycle sequencing kit (Applied Biosystems, Foster City, CA). Oligonucleotides were purchased from IDT Integrated DNA Technologies (Coralville, IA). nti-PRPF31 polyclonal antibodies were prepared in chicks using synthetic peptides (Aves Laboratories, Tigard, OR). Other antibodies including anti-rhodopsin (Chemicon, Temecula, CA), anti-synapsin (Chemicon), and anti-green fluorescent protein (GFP) (Roche Applied Sciences, Welwyn Garden City, UK) were purchased from commercial suppliers.
Primary retinal neuronal culture, transfection, and neuronal cell death assays. Interspecific consomic strain (ICS) mice at postnatal day 0 (P0) to P5 were purchased from Charles River Laboratories (Wilmington, MA). Primary retinal cell culture was performed by modifying a published protocol (Luo et al., 2001) . Briefly, the enucleation procedure was performed within minutes after killing. Ca 2ϩ -Mg 2ϩ -free Hank's medium (Invitrogen, Gaithersburg, MD) containing 20% glucose was used for retina dissection. The dissected retinal tissue was treated with 0.25% trypsin for 15 min at 37°C, and the digestion was terminated by adding heat-inactivated fetal bovine serum (HiFBS) to a final concentration of 20%. DNase (10 mg/ml; Sigma, St. Louis, MO) was added, and polished Pasteur pipettes were used to triturate dissected retinal tissue three times. The cell suspension was washed with culture medium three times. Dissociated cells were counted and plated on precoated coverslips (poly-Llysine and laminin) at 4 ϫ 10 5 cells per coverslip in six-well tissue culture dishes. Cells were allowed to attach to coverslips for at least 6 h before adding the DMEM/F-12 media containing 10% HiFBS.
Transfection was performed 24 -48 h after the cultures were established, using 5 g of DNA per well in six-well dishes with a modified calcium precipitation method as described previously (Jiang et al., 2000) . When boc-aspartyl(OMe)-fluoromethylketone (BAF) (50 -100 M; Calbiochem, La Jolla, CA) was used, it was added to the culture medium 12 h before transfection. From Ͼ50 independent transfection experiments, the transfection efficiency was 3-7%, as detected by fluorescent microscopy of cells expressing GFP-tagged proteins. Data shown in this paper were derived from those experiments with comparable transfection efficiency (ϳ5%) among control and different experimental groups.
Cell morphology and viability were monitored by microscopic examination after staining with bis-benzimide (Sigma) and terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) assay using tetra-methyl-rhodamine red staining kit (Roche). Immunofluorescent staining was performed to examine the expression of rhodopsin, synapsin, and PRPF31 in cultured cells using corresponding specific primary antibodies following secondary antibodies conjugated with either cyanine 3 (Cy3) or Cy2. Microscopic images were taken under an inverted microscope using an Axiocam digital camera (Zeiss, Oberkochen, Germany). In corresponding panels of each figure, the images were captured with the same exposure time and displayed with the same parameters so that the fluorescent intensity can be compared among the corresponding groups.
Immunoprecipitation microarray analysis. The detailed protocol will be described in a separate publication (D. Mordes and J. Y. Wu, unpublished observations) , and a brief description is provided below. Affinitypurified polyclonal anti-PRPF31 against a synthetic peptide (corresponding to amino acid residue 416 -432) was prepared by Aves Laboratories. Mouse retinas were dissected from 8-week-old ICS mice (Charles River Laboratories). Retinal cells were dissociated by gentle treatment with trypsin and lysed in cell lysis buffer (20 mM HEPES, pH 7.4, 10 mM NaCl, 5 mM MgCl 2 , and 0.1% NP-40). After a 10 min incubation on ice, cell nuclei were collected by centrifugation at 2000 rpm for 10 min and resuspended in cell lysis buffer containing 1% paraformaldehyde for 30 min at room temperature in the presence of protease inhibitors (Roche). The cell nuclei were pelleted by centrifugation as described above and resuspended in dilution buffer [20 mM HEPES, pH 7.4, 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 0.1% Triton X-100, 1 mM DTT, 1ϫ protease inhibitor (Roche), and 40 U/ml RNasin]. The nuclear lysate was sonicated for 10 ϫ 30 s, and insoluble particles were removed by centrifugation at 13,000 rpm for 10 min at 4°C. Protein A/GSepharose beads (Sigma) were added to the supernatant to preclear the nuclear lysate. The nuclear lysate was precleared using protein A/GSepharose beads and was then incubated with the affinity-purified anti-PRPF31 antibody for 4 h at 4°C. The preimmune Ig preparation was used as a control. Pelleted beads were then sequentially washed with low salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM HEPES, pH 7.5, and 150 mM NaCl) and high salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM HEPES, pH 7.5, and 500 mM NaCl). The enriched protein-RNA complex was eluted twice using freshly prepared elution buffer (1% SDS, 0.1 M NaHCO 3 ) and centrifuged. DNA contaminants were removed by DNase I treatment, and proteins were digested by proteinase K treatment for 30 min at 45°C. Six volumes of Trizol (Invitrogen, San Diego, CA) were added, and RNA was precipitated in the presence of glycogen (Roche). The RNA samples immunoprecipitated with anti-PRPF31 or control preimmune Ig preparation were amplified by reverse transcription (RT)-PCR for 23-25 cycles using the SMART amplification kit according to the manufacturer's instructions (Clontech, Palo Alto, CA), except that the last five cycles of PCR were performed in the presence of a primer containing oligo-dT coupled to T7 promoter sequence. The amplified samples (ϳ5 g) were labeled with biotinylated CTP and UTP in in vitro transcription using T7 RNA polymerase. The biotinylated cRNA samples were then fragmented and hybridized to Affymetrix (Santa Clara, CA) mouse genome chips (430 array, version 2.0) and further processed at Vanderbilt microarray core facility.
In situ hybridization assay. To examine the expression of PRPF31 in the retina, in situ hybridization was performed using an antisense RNA probe of PRPF31 with the sense probe as a control. The in situ hybridization was performed using a protocol as described previously (Li et al., 1999) . Briefly, digoxygenin (DIG)-labeled sense and antisense probes for PRPF31 were prepared from linearized PRPF31 cDNA plasmids in in vitro transcription reactions using a DIG-RNA labeling kit (Roche). The retinal sections were deparaffinized, hydrated, treated with proteinase K (10 mg/ml), and fixed in 4% paraformaldehyde in PBS, pH 7.6. After treatment with triethanolamine and acetic anhydride, the slides were prehybridized for 1 h at 60°in hybridization solution (50% formamide, 5ϫ SSC, 1ϫ Denhardt's solution, 0.1% Tween 20, 0.1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, 5 mM EDTA, 0.3 mg/ml yeast tRNA, and 0.1 mg/ml heparin) and then hybridized in the probe-containing hybridization solution overnight at 60°. After washing in SSC buffers (2ϫ to 0.1ϫ SSC), slides were incubated with preabsorbed anti-digoxygenin-alkaline phosphatase-Fab fragment in 20% sheep serum in PBT (PBS containing 2 mg/ml BSA and 0.1% Triton X-100) (1:2000 dilution) overnight at 4°C. After washing, color was developed with alkaline phosphatase substrates (nitroblue-tetrazolium-chloride/5-bromo-4-chloro-3-indolyl-phosphate) in the dark. Slides were mounted and photographed.
Results

Expression of PRPF31 gene in the retina and other tissues
Although mutations in PRPF31 gene have been identified in adRP patients, it is not clear whether the PRPF31 gene is differentially expressed in different types of retinal cells. We examined the expression of the PRPF31 gene in the retina. In situ hybridization was performed using an antisense PRPF31 RNA probe, as described previously (Li et al., 1999) . The expression of PRPF31 was detected in the cells in several layers of the retina, with strong signals detected in outer nuclear layer (the nuclei of photoreceptor cells) and inner nuclear layer. The majority of photoreceptor cells express a high level of PRPF31 mRNA, and a fraction of retinal ganglion cells also show the expression of PRPF31 ( Fig.  1 A, part I). Such in situ signals are specific because they were not detectable when the sense control probe was used ( Fig. 1 B, part  I ). This PRPF31 expression pattern is consistent with the role of PRPF31 acting as a general pre-mRNA splicing factor important for photoreceptor cells.
To test whether PRPF31 protein is expressed as unique isoforms or at particularly high levels in the retina compared with other tissues, we examined the PRPF31 protein in different tissues using Western blotting assay. Polyclonal anti-PRPF31 antibodies were raised in chicks against synthetic peptides corresponding to different regions in the human PRPF31 gene. The affinity-purified antibodies against the peptide corresponding to amino acid residues 416 -432 gave consistent and specific signals.
Western blotting experiments using murine tissue samples demonstrate that the antibodies raised against human PRPF31 peptides specifically recognize the murine PRPF31 protein as one prominent band of 61 kDa in size, similar to that in human cells (Fig. 1 , part II). No significant difference was detected in either the level or pattern of PRPF31 protein among different tissues. PRPF31 protein was expressed in the retinas from embryonic throughout adult stages in mice ( Fig. 1 , part II, lanes 9 -11).
The size of the PRPF31 protein detected is consistent with a previous report and with the predicted protein products of human and murine PRPF31 cDNA sequences obtained from GenBank. The amino acid sequences of predicted peptide sequences corresponding to PRPF31 cDNAs from Homo sapiens and Mus musculus (accession numbers NM_015629 and NM_027328, respectively) are almost identical except for a single amino acid at the position 496. The mammalian PRPF31 sequences are homologous to those of Drosophila as well as yeast (Vithana et al., 2001; Makarova et al., 2002) . The central domain of PRPF31 shows homology to nucleolar proteins NOP56 and NOP58 from the box C/D snoRNPs, hence named NOP domain. In particular, the human PRPF31 protein shows ϳ36% and 29% homology to PRPF31 protein sequence of Saccharomyces pombe and Saccharomyces cerevisiae Bishop et al., 2001) , respectively, indicating a high degree of conservation of PRPF31 genes through evolution. Such sequence similarity is not restricted to the NOP domain but distributed throughout the entire protein. For example, in the C terminal region, outside of NOP domain and nuclear localization signal, from amino acid residue 364 -499, the amino acid identity and similarity of PRPF31 proteins between human and S. pombe is 31 and 41%, respectively (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
Construction of mammalian expression plasmids for wildtype and RP mutant forms of PRPF31
Murine PRPF31 protein is nearly identical to human PRPF31, and the murine retina is highly similar to the human retina both in structure and in function. We established primary retinal cell cultures using mouse retinal tissue to investigate the potential role of PRPF31 mutations in retinal degeneration. We engineered mammalian expression plasmids for wild-type and mutant PRPF31 proteins. Two PRPF31 mutants were constructed to mimic two frame-shift mutations found in either sporadic (SP117) or familial (AD5) forms of adRP. As a result of either a single base insertion (SP117) or an 11 bp deletion (AD5), these mutations lead to truncations of the PRPF31 peptide after the residue 256 or 371, respectively. Thus, we named these mutants N256 and N371 (Fig. 2) . The wild-type or mutant PRPF31 proteins were expressed as either nontagged or GFP-tagged proteins. The GFP-tagged proteins behave in a similar manner to the nontagged proteins in transfection and splicing assays. We explored . Distinct histologic layers of the retina are marked as follows: 1, retinal pigment epithelium; 2, photoreceptor cell layer; 3, outer nuclear layer, nuclei of photoreceptor cells; 4, outer plexiform layer; 5, inner nuclear layer; 6, inner plexiform layer; 7, ganglion cell layer; 8, retinal nerve fiber layer; 9, internal limiting membrane. II, Western blotting results showing a prominent band of 61 kDa in a range of adult murine tissues (lanes 1-9; 1, brain; 2, heart; 3, kidney; 4, spleen; 5, lung; 6, thymus; 7, muscle; 8, lymph node; 9, retina), in postnatal retina (from P2 mice, lane 10), in embryonic retina (from embryonic day 18 mice, lane 11), and in human HEK cells as well as stable HEK cells expressing a PREF31-GFP fusion protein (lanes 13 and 12, respectively). Protein concentrations of the cell lysates were measured, and equal amounts were loaded in each lane. These bands represent specific PRPF31 signals (61 kDa for the endogenous protein and 86 kDa for PRPF31-GFP fusion protein), because they are not detectable when preimmune antibody preparation was used (lanes 14 and 15). There is no significant change in the gel mobility of PRPF31 protein detected in different tissues. MWt, Molecular weight. different methods to express these proteins in primary retinal cells and established a modified transfection protocol using calcium phosphate precipitation method similar to the one described previously (Jiang et al., 1998) . Compared with other protocols, this method allowed us to achieve a moderate level of GFP fusion protein expression in retinal cells without detectable nonspecific cytotoxicity.
Transfection of plasmids encoding GFP-tagged forms of PRPF31 into either human embryonic kidney (HEK) cells or primary retinal cells led to the expression of PRPF31 proteins with similar intracellular distributions. Both wild-type and the N371 mutant proteins showed predominantly nuclear expression. The N256 mutant, however, was primarily detected in the cytoplasm, and only a low level of this mutant protein was detectable in the nucleus. This observation is consistent with the prediction that the nuclear localization signal (Fig. 2, NLS) of PRPF31 was retained in N371 mutant but deleted in the N256 mutant (data not shown) (see Figs. 5, 7).
Searching for potential target genes for PRPF31
PRPF31 mutations cause adRP, suggesting that PRPF31 may have retina-specific splicing substrate genes. We searched for such potential target genes using a combined immunoprecipitation and microarray approach. First, we established a stable cell line expressing PRPF31 protein as a GFP-tagged protein in HEK cells. Using a monoclonal anti-GFP antibody and the affinitypurified polyclonal anti-PRPF31 antibody as well as preimmune Ig preparation for immunoprecipitation, we optimized conditions for immunoprecipitating PRPF31-containing splicing complexes. RNA species associated with the immunoprecipitated complexes were extracted and followed by microarray. Having established conditions for such immunoprecipitation microarray analysis using the HEK cell lines, we performed immunoprecipitation experiments using mouse retinal cells with the specific anti-PRPF31 antibody and the preimmune Ig control antibody (see Materials and Methods). RNA species associated with the PRPF31-containing splicing complexes were examined using microarray analysis. We detected 146 genes in the samples immunoprecipitated using PRPF31 antibody, but not in those prepared using the control preimmune antibodies. Among the potential target genes identified by this approach are a number of retinaspecific genes. Results on other candidate target genes for PRPF31 will be described elsewhere. In this report, we will focus on these two adRP genes relevant to this study, RHO and rod cell outer membrane protein 1 (ROM1) genes. We confirmed the identity of RHO and ROM1 RNA species by using RT-PCR with specific primers and by sequencing the PCR products. The observation that RHO and ROM1 transcripts were detected among RNA species associated with splicing complexes containing PRPF31 protein suggests that these genes may be splicing substrates for PRPF31 protein and that they may act as "downstream target genes" for PRPF31.
Previous studies show that PRPF31 is a nuclear protein involved in pre-mRNA splicing (Weidenhammer et al., 1996 Makarova et al., 2002) . Because immunoprecipitation microarray experiments suggest that RHO and ROM1 may be among splicing target genes for PRPF31, we examined the effects of PRPF31 on pre-mRNA splicing of these candidate target genes. Specific primers were synthesized to construct minigenes containing individual introns in RHO and ROM1 genes, especially in the peptide coding regions where adRP mutations have been identified. RHO or ROM1 minigenes were constructed covering different intronic regions with the corresponding flanking exonic sequences (Fig. 3A) . In particular, RHO intron 3 and ROM1 intron 2 captured our attention. Prp31 gene in yeast, the ortholog for human PRPF31, is essential for pre-mRNA splicing. Most yeast introns are short, with their average size being 270 nt (Burge et al., 1999) . Therefore, we decided to focus on small introns in human RHO and ROM1 genes. The removal of these small introns may be relatively inefficient, and failure to remove of these two introns would be predicted to cause a frame-shift in their peptide translation. We tested effects of mutant PRPF31 on the pre-mRNA splicing of these minigenes in HEK cells using cotransfection coupled with RT-PCR assay as described previously (Jiang et al., 1998; Cote et al., 2001 ). The splicing of RHO intron 3 was examined using the minigene containing intron 3 with flanking exon 3 and exon 4. After cotransfection of this RHO intron 3 minigene with a plasmid expressing either wild-type or adRP mutant forms of PRPF31 into HEK cells, the pre-mRNA splicing of the RHO intron 3 was examined using a semiquantitative RT-PCR assay. Such an RT-PCR assay is specific for the cotransfected minigene, because in the cells with an empty vector that does not contain the RHO minigene insert, there was no PCR band detectable (Fig. 3B, lane 1) . When this RHO minigene was transfected into HEK cells, intron 3 underwent splicing at a moderate efficiency. In the cells expressing wild-type PRPF31 protein, the splicing of RHO intron 3 was more efficient than that in cells transfected with the expression vector control, as shown by the appearance of the spliced product (Fig. 3B , compare lanes 2 and . Mutant PRPF31 proteins do not affect synapsin expression. Primary retinal cells were transfected with plasmids expressing either wild-type or mutant PRPF31 as GFP-fusion proteins; wild-type (A1-A4 ), N371 (B1-B4 ), or N256 (C1-C4 ) PRPF31 proteins were detected in the transfected primary retinal cells by monitoring GFP fluorescence (A3-C3). Synapsin expression was detected by immunofluorescent staining (red fluorescence) using a monoclonal anti-synapsin antibody followed by the staining with the secondary antibody conjugated with Cy3 (A2-C2). The nuclear staining was performed with bis-benzamide (A4 -C4 ). A1-C1 show the superimposed images in columns 2-4. The synapsin expression in cells expressing mutant PRPF31-GFP proteins shows no significant difference from those expressing the wild-type PRPF31-GFP protein (compare B2 and C2, with A2).
3). However, in the cells cotransfected with either N371 or N256 mutant forms of PRPF31 (lanes 4 and 5, respectively), splicing of intron 3 of RHO gene was inhibited, as demonstrated by the reduction in the spliced product with concomitant accumulation of the unspliced pre-mRNA transcript (Fig. 3B , compare lanes 4 and 5 with lanes 2 and 3). We also examined ROM1 intron 2, another small intron similar in size to RHO intron 3. When the ROM1 intron 2 minigene was cotransfected with a PRPF31-expressing plasmid, the wild-type PRPF31 or N371 or N256 mutant PRPF31 expression did not affect the ROM1 intron 2 splicing, because the ratio of pre-mRNA to splicing products showed no detectable changes (Fig. 3B, lanes 7-10) . These splicing events occurred in the presence of the endogenous PRPF31 protein in the HEK cells, as shown by the Western blotting assay (Fig. 1, part  II, lane 12) . The levels of wild-type and mutant PRPF31 proteins in transfected cells were similar (Fig. 3C) . These results indicate that the processing of RHO intron 3 is affected by PRPF31 mutations and suggest that the mutant PRPF31 proteins may be capable of blocking the activity of the endogenous wild-type PRPF31 protein in a dominant-negative manner. The removal of these introns in RHO and ROM1 genes are not equally sensitive to PRPF31 mutations, suggesting that mutations in PRPF31 gene may preferentially affect the pre-mRNA splicing of a subset of retinal genes.
Expression of mutant PRPF31 leads to a significant reduction in rhodopsin protein expression
To investigate effects of PRPF31 expression on RHO gene expression in retinal cells, we established primary cultures using dissociated retinal tissues from early postnatal mice. We used an immunofluorescent staining assay to examine rhodopsin protein expression in the primary retinal cells. Under our culture conditions, ϳ70% retinal cells were rhodopsin-positive when cultured without transfection or transfected with either wild-type or vector control (see Fig. 6 ). With our optimized calcium phosphate method, we were able to achieve ϳ5% transfection efficiency without causing nonspecific cytotoxicity (Fig. 4) . After the transfection of the plasmid expressing the GFP vector or GFP-tagged wild-type PRPF31, N371, or N256 mutants, we monitored cells expressing these GFP-tagged proteins by fluorescent microscopy (Fig. 5) . Similar to what was detected in HEK cells, wild-type PRPF31 and N371 mutant were primarily expressed in the nucleus, whereas N256 mutant was distributed throughout the cytoplasm (Fig. 5A1,A3 ,B1,B3,C1,C3). This was consistent with the prediction that the nuclear localization signal sequence was deleted in the N256 mutant. Interestingly, there was a marked reduction in the rhodopsin immunostaining in cells expressing mutant PRPF31, either N371 or N256, compared with cells expressing wild-type PRPF31 (Fig. 5A1-C1 , compare the red im- munofluorescent staining signals for rhodopsin in the transfected cells expressing PRPF31-GFP fusion proteins) (Fig. 5A2-C2 , see cells marked with an asterisk). Similarly, comparison of the rhodopsin-immunofluorescent staining signals in cells transfected with mutant PRPF31-GFP plasmid with those in surrounding nontransfected cells in the same tissue culture dishes demonstrates that expression of either the N371 or the N256 mutant PRPF31 proteins reduced the expression of rhodopsin in these primary retinal cells. In cells expressing mutant PRPF31 (Fig. 5B1,B4, arrowheads) , the reduction of rhodopsin expression appeared to be an early event, before there was any detectable change in nuclear morphology. Rhodopsin-positive cells were quantified at different time points after transfection. Consistently, the percentage of rhodopsin-positive cells was significantly reduced in cells expressing mutant (either N371 or N256) PRPF31 protein compared with cells expressing the vector or wild-type PRPF31 by 24 h after transfection (Fig. 6) . At the same time frame, there was no detectable change in the expression of another neuronal marker, synapsin (Fig. 7) . The percentage of synapsin-positive cells in these cultures was 70 -75% without detectable differences among cells expressing either wild-type or mutant PRPF31-GFP proteins, suggesting that the reduction in rhodopsin expression observed is not a result of general shutdown of protein synthesis after cell death. These results show that mutant PRPF31 proteins inhibit the expression of RHO gene in primary retinal cells.
PRPF31 mutants cause retinal cell death in primary cultures
During the transfection experiments, we noticed that cells expressing mutant PRPF31 proteins began to show signs of cell death after transfection. We examined cell death and compared cells expressing wild-type PRPF31 with those expressing mutant PRPF31 proteins in primary cultures. After the transfection of the plasmid expressing the GFP vector, GFP-tagged wild-type PRPF31, or mutant forms (N371 or N256), we monitored cells expressing these GFP-tagged proteins. Significant differences in cell viability were observed between cells expressing the wild-type PRPF31 and those expressing mutant forms of PRPF31 protein.
Nuclear staining using bis-benzimide demonstrated that the majority of cells expressing the wild-type PRPF31 showed normal healthy nuclei (Fig. 8 A1-A3) , whereas a significant fraction of cells expressing the mutant PRPF31 proteins showed the nuclear morphology characteristic of apoptosis, with fragmented or condensed nuclei (Fig. 8 B,C) . The retinal cell loss after the expression of mutant PRPF31 proteins was further investigated using TUNEL assay to determine whether such neuronal death is apoptotic in nature. A significant fraction of cells expressing the mutant PRPF31 proteins, either N371 or N256, exhibited positive TUNEL staining, compared with surrounding cells not expressing mutant PRPF31 proteins or with cells expressing wild-type PRPF31-GFP (Fig. 9A) . The quantification of TUNEL-positive cells among the transfected cells demonstrated that cells expressing N371 or N256 mutant forms of PRPF31 showed significantly increased TUNEL staining by 24 h after transfection. The percentage of TUNEL-positive cells in the cells expressing these mutant PRPF31 proteins was more than doubled compared with cells expressing wild-type PRPF31 by 36 h after transfection (Fig.  9B ). In the same time period, cells expressing wild-type PRPF31 or GFP vector control showed only a slight increase, similar to the basal level of TUNEL staining in the surrounding nontransfected cells. These results suggest that PRPF31 mutations led to apoptosis of the retinal neurons.
Retinal cell death caused by the expression of mutant PRPF31 was blocked by the treatment with a caspase inhibitor, BAF A critical feature of apoptosis is the activation of caspases, which is the convergent point for signal transduction pathways downstream of a variety of cell death signals. We, therefore, tested whether the retinal neuronal death induced by expression of these mutant PRPF31 proteins was caspase dependent. A broadspectrum caspase inhibitor, BAF, was used in the transfected retinal neurons. When BAF was added in the culture media, retinal neurons expressing mutant PRPF31 proteins (either N371 or N256) showed significantly improved viability, as shown by both cell morphology and nuclear staining with bis-benzimide. Consistently, monitoring retinal cell death using TUNEL staining at different time points after transfection of PRPF31 expression constructs showed that BAF treatment blocked the cell death induced by expression of mutant PRPF31, N371, or N256, bringing the percentage of TUNEL-positive cells to the basal level (Fig.  10) . These results indicate that the expression of mutant PRPF31 proteins induces retinal cell death in a caspase-dependent manner.
Discussion
Our study using primary retinal cultures indicates that mutant PRP31 proteins cause apoptosis of retinal cells. This suggests a mechanism for retinal degeneration caused by PRPF31 mutations. Transfection experiments with RHO minigene show that the wild-type PRPF31 protein stimulates RHO intron 3 splicing, whereas mutant PRPF31 proteins inhibit this splicing event. Our findings suggest a functional link between ubiquitously expressed PRPF31 protein and the expression of the retina-specific gene, rhodopsin. Our experiments reveal a previously unknown relationship between two major players in the pathogenesis of adRP, rhodopsin and PRPF31.
Rhodopsin is a primary visual pigment of the rod photoreceptor cells. It is a G-protein-coupled receptor activated by light that initiates the phototransduction cascade converting light signals to electrophysiological signals in retinal neurons. This photoactivated signal transduction process is essential for vision. A prominent early clinical feature of retinitis pigmentosa is the loss of night vision as a result of death of rod photoreceptor cells. Proper expression of the wild-type rhodopsin gene is essential for the development and sustained function of photoreceptor cells. Mutations in the RHO gene account for a significant proportion (ϳ25%) of all adRP cases in North America (Dryja et al., 2000; Dejneka and Bennett, 2001 ). More than 100 mutations in RHO gene have been reported (www.sph.uth.tmc.edu/RetNet). Most of these mutations are missense mutations affecting single amino acid residues in the rhodopsin protein (Vaithinathan et al., 1994) . Photoreceptor cell death in RP is believed to occur by programmed cell death or apoptosis (Chang et al., 1993 ) (for review, see Baehr and Chen, 2001; Dejneka and Bennett, 2001 ). Mice carrying a targeted disruption of rhodopsin gene showed rapid and early-onset photoreceptor degeneration (Humphries et al., 1997) . A similar phenotype was seen in transgenic rats carrying P23H rhodopsin mutation (for review, see Dejneka and Bennett, 2001) . Our observation that PRPF31 mutations block RHO intron 3 splicing provides a new mechanism for generating defective RHO gene products, either as an aberrant RNA or as a truncated rhodopsin protein. Such defective RHO gene products may contribute to photoreceptor cell death.
Genetic studies suggest that mutations in PRPF31 gene may be a major cause of adRP (Vithana et al., 1998 (Vithana et al., , 2001 . In this report, we investigated the expression pattern, potential target genes, and functional activities of the PRPF31 gene. Indeed, PRPF31 gene expression is detected at a high level in the photoreceptors, although this gene is also expressed in other cell layers of the retina as well as in other tissues. The immunoprecipitation microarray approach led to the identification of candidate retina-specific target genes for PRPF31 protein, such as the rhodopsin gene. Cotransfection experiments using a RHO minigene with wildtype or RP mutant forms of PRPF31 expression constructs in HEK cells indicated the functional relationship between the PRPF31 and RHO genes. These experiments revealed the dominant-negative effects of RP mutants of PRPF31 on RHO pre-mRNA splicing. We also examined effects of PRPF31 mutations in primary retinal cultures. Consistently, rhodopsin protein expression was markedly decreased in retinal cells transfected with the RP mutant forms of PRPF31. Retinal cells expressing mutant PRPF31 proteins showed significantly reduced viability, providing an explanation for the retina-specific manifestation of mutations in the non-retina-specific PRPF31 gene. It is conceivable that modifier genes that could remove or functionally antagonize mutant PRPF31 proteins could affect the penetrance or expressivity of PRPF31 mutations. Together, these results show that the rhodopsin transcript is a pre-mRNA splicing substrate affected by PRPF31 protein.
It is likely that RHO is not the only gene affected by PRPF31 mutations. Our immunoprecipitation microarray experiments revealed a number of RNA transcripts associated with PRPF31-containing splicing complex or complexes. It will be interesting to examine whether pre-mRNA splicing of other retina-specific genes, especially those implicated in adRP, are affected by PRPF31 mutations. Our results show that not all splicing events are equally sensitive to PRPF31 mutations. PRPF31 mutants may inhibit pre-mRNA splicing of a subset of photoreceptor genes, such as RHO intron 3, but not other splicing events such as ROM1 intron 2. It is likely that the photoreceptor cell death caused by PRPF31 mutants is the result of combinatorial effects on a range of PRPF31 splicing substrate genes. Such collective effects on these PRPF31-sensitive photoreceptor genes may lead to the photoreceptor loss in RP11 patients.
We engineered PRPF31 mutants mimicking mutations identified in patients with either familial or sporadic retinitis pigmentosa, N371 and N256. In primary retinal culture, these PRPF31 mutants caused a reduction in rhodopsin expression at an early stage, before there was obvious changes nuclear morphology. Using the RHO intron 3 minigene in transfected HEK cells, we showed that both N371 and N256 mutant PRPF31 inhibited the pre-mRNA splicing of RHO intron 3 in the presence of endogenous wild-type PRPF31 protein. The failure in removing intron 3 during pre-mRNA splicing of RHO gene is predicted to produce an aberrant RHO transcript that contains a premature stop codon. Such an aberrant RHO transcript may be subjected to nonsense-mediated mRNA degradation. Alternatively, the retention of RHO intron 3 may cause the formation of a defective rhodopsin peptide truncated after the codon 232. The fact that a number of RHO mutations have been identified downstream of its exon 3 in adRP patients suggests that the retention of intron 3 and the formation of the truncated peptide would have deleterious effects on rhodopsin function. Similar to other adRP mutations in RHO gene, RHO intron 3 retention caused by PRPF31 mutations likely leads to retinal degeneration. These observations suggest that effects on RHO pre-mRNA splicing exerted by PRPF31 mutants may contribute to photoreceptor cell death in adRP.
Our results indicate that intron 3 removal in RHO pre-mRNA splicing is inhibited by the presence of RP mutant forms of PRPF31 protein. However, not all introns in RHO gene are equally sensitive to PRPF31 mutations. Similar to a previous report that intron 2 removal in RHO pre-mRNA splicing was not affected by a point mutation in PRPF31 gene (Deery et al., 2002) , RHO intron 2 removal was not affected by N371 or N256 truncation mutations of PRPF31 in our study (data not shown). The small size of RHO intron 3 is not the only factor that makes the removal of this intron sensitive to PRPF31 mutations, because splicing of another small intron similar in size (i.e., ROM1 intron 2) is not inhibited by PRPF31 mutations (Fig. 3) . It remains to be investigated what factors determine the sensitivity of different introns to mutations in PRPF31 gene.
Retinal cell death was blocked by treatment with the caspase inhibitor BAF, suggesting a caspase-dependent mechanism underlying the retinal cell loss caused by mutations in human PRPF31 gene. We noticed that it was necessary to apply BAF early in retinal cell culture and that delayed application of BAF (for example, 24 h after transfection of PRPF31 mutant plasmids) would not efficiently rescue the retinal cell death. This observation suggests that early application of caspase inhibitors might have therapeutic benefits in patients with adRP caused by mutations in PRPF31 gene.
The goal of therapeutic approaches to retinal degeneration is to restore vision or increase the residual functional visual field. Experimental approaches to retinitis pigmentosa include transplantation of photoreceptor cells and retinal pigment epithelium (RPE) cells using normal fetal retinal tissues (Mohand-Said et al., 2000; Radtke et al., 2002) , delivery of genes to produce photoreceptor trophic factors, application of ribozymes to suppress the expression of disease-causing or disease-inducing genes, and therapies aimed at reducing photoreceptor cell death (LaVail et al., 2000; Bennett, 2002; Chaum and Hatton, 2002) . In addition, electronic photoreceptor prosthesis is under development to restore vision (Margalit et al., 2002) . Our results on PRPF31 mutations suggest that the loss of photoreceptor cells in adRP patients carrying PRPF31 mutations may be caused by the gain-offunction toxicity of mutant PRPF31 proteins. Simply providing wild-type PRPF31 protein may not be sufficient for preserving or restoring retinal neuronal function, and removing the neurotoxic mutant PRPF31 proteins may be essential for expression of functional rhodopsin protein. Our observations may have implications for understanding pathogenesis and designing new therapeutic interventions for neurodegenerative disorders caused by defects in general regulatory genes, such as those encoding premRNA splicing factors or other gene expression regulatory proteins.
Aberrant splicing has been implicated in the pathogenesis of several neurodegenerative disorders, including amyotrophic lateral sclerosis, spinal muscular atrophy, and dementia (Grabowski and Black, 2001; Dredge et al., 2001; Faustino and Cooper, 2003; Wu et al., 2003) . Mutations have been identified in intronic regions in addition to the ones at the exon-intron junctions, leading to perturbation of alternative splicing of the genes involved. However, genetic defects have been identified that directly affect the pre-mRNA splicing machinery and yet cause specific neurological manifestations. For example, spinal muscular atrophy, a motor neuron degenerative disorder can be caused by deletion of or mutations in survival of motor neurons, a ubiquitously expressed gene critical for biogenesis of spliceosomes (Paushkin et al., 2002) . Our results on PRPF31 provide an explanation why such genetic defects in the seemingly ubiquitously expressed general splicing factors can cause neuron-specific diseases.
